Oxide particle refinement, which improves high temperature strength in Ni-based oxide dispersion strengthened (ODS) superalloys, was investigated by employing Hf addition during mechanical alloyed (MA) process. TEM micrographs show that 2 mass% Hf addition makes the smallest oxide particles and shortest separation in the base alloy (Ni4.5 mass%Al1 mass% Y 2 O 3 ). Formation of Y 2 Hf 2 O 7 is confirmed to be responsible for the oxide particle refinement with XRD analysis. By the calculation and comparison based on hardness and Orowan mechanism, the improvement of hardness by Hf addition attributes to the dispersion strengthening of oxide particles.
Introduction
Increase of turbine inlet temperature enables aircraft engine to perform more effectively and economically. However, it requires materials that possess high mechanical strength, creep property together with superior corrosion and oxidation resistance. Ni-based superalloys are considered to be the promising candidates to meet the requirement of severing at high temperature. 1, 2) Their high strength is normally achieved by solid solution strengthening of £, precipitation strengthening of £ A and sometimes oxide dispersion strengthening (known as ODS) if the matrix contains dispersoids, such as Y 2 O 3 .
3) Ni-based ODS superalloys are normally produced by mechanical alloying (MA), which is a dry, high-energy ball milling process where elemental powders (including the oxide itself ) are milled in a ball mill and subsequently mechanically homogenized. Instead of Y 2 O 3 , YAl oxide particles are present in the MAed powders with added aluminnum: yttrium aluminium garnet Y 3 Al 5 O 12 (YAG) , yttrium aluminium monoclinic Y 4 Al 2 O 9 (YAM) and yttrium aluminium hexagonal YAlO 3 (YAH). 4) Recently some research pointed out that other minor element additions, such as Ti or Hf, can replace the YAlO system oxide to Y(Ti,Hf )O system oxide, which was reported to be responsible for particle refinement. 5, 6) The pinning effect indicates that yield stress of ODS superalloys depends on the mean distance between the particles (denoted as separation), which is resulted from the number density of the oxide particle. Thus particle refinement and resultant separation reduction and homogenizing the distribution of fine particles are essential for improving the strength of Ni-based ODS superalloys at higher temperatures. Earlier publications showed that the addition of Hf is effective for oxide particle refinement in Fe-based ODS ferrite, 7) Co-based ODS alloy 5) and 0.5 mass% Al Ni-based ODS alloy.
6) The ordered FCC structure (L1 2 ) £ A phase, Ni 3 Al, plays an important role in improving strength and creep property to the Ni-based superalloys. 8) As a protective scale former, Al also facilitates the formation of £ A, therefore, in this research we increased Al concentration in Ni-based ODS alloy to 4.5 mass%, and various Hf additions were employed to achieve the oxide particle refinement. Then optimum Hf was introduced to the Ni-based ODS superalloy (denoted as Ni-ODS), which has similar nominal composition as commercial alloy MA6000.
Experimental Details
Ni, Al and Y 2 O 3 powders, which have high mass purity of 99.9%, were mixed together with various Hf concentrations according to Table 1 . Ni4.5 mass% Al1 mass%Y 2 O 3 was simply denoted as base. The Ni-ODS and its Hf addition are also listed in Table 1 . Powder mixtures were mechanically alloyed by planetary ball milling of a Fritsch P-6 under argon atmosphere, giving a ball-to-powder ratio of 10. Duration time of MA was 24 h and the rotation speed was 400 rotations per minute. It has to be pointed out that during MA process; a 2 mass% stearic acid (S.A.) was used as process control agent (PCA) to prevent Al-rich powders from sticking to the MA pot and balls. Then the MAed powders was consolidated by a spark plasma sintering (SPS) process, which was conducted 1200°C under the compaction pressure of 8 kN in vacuum. Ni-sheet was adopted to prevent contamination of carbon sheet to the MAed powders, as shown in Fig. 1 .
TEM samples were punched from SPSed bulk, and mechanically thinned to 0.1 mm, followed by electrical polishing with a TENUPOL device. Perchloric acid (HClO 4 ) and 80% acetic acid (CH 3 COOH) were used as electrolytic solution, while the samples were electrical polished at 15°C under the voltage of 18 V. TEM micrographs of the particles were taken with a JEOL JET-2010F transmission electron microscope, using an acceleration voltage of 200 kV. The particle size was measured with a MacView software based on the TEM micrographs. XRD (X-ray diffraction) analysis was carried out to identify the oxide particles by means of CuK¡ radiation with a JEOL JDX-3500. The Vickers hardness was measured by a Shimazu micro-Vickers indenter, HMV-2, under a load of 980 mN.
Results and Discussion

Mean oxide particle size and distribution
Morphology and distribution of oxide particles in the base alloy and its various Hf additions are shown in Fig. 2 . It has to be pointed out that all the particles in Fig. 2 correspond to the oxide particles. It indicates that the base alloy has relative larger particles compared to those with Hf additions. 0.8 mass% Hf addition makes the formation of many fine particles, but still some larger particles (about 20 nm) can be observed. 2 mass% Hf addition yields fine particles all over the matrix, and almost all larger particles are removed from the matrix. However, when Hf concentration was increased to 3 mass% or more, some larger particles reappear in the matrix.
Particle distribution together with the mean particle size (d) and the separation () were given in Fig. 3 , where separation is defined as the mean distance between surfaces of adjacent particles. It has to be noted that, to get a statistical value, distribution and particle size d were calculated from at least 500 particles. Separation was derived from the equations below based on TEM micrographs:
where r is the particle radius obtained from the TEM micrographs, r is the average oxide particle radius, and r 2 and r 3 are the averages of r 2 and r
3
, respectively. The volume fraction f of the dispersed oxide particles was calculated by the following way:
, where c means weight percent of Y 2 O 3 , and μ means density, thus f was taken to be 0.018. The average distance between the centers of dispersed oxide particles is l s and the average particle radius is r s . 1.25 in eq. (1) is a coefficient of converting a square to random distribution of oxide particles. The oxide particle size d in Fig. 3 corresponds to 2 r. Figure 3 (a) shows that the base alloy has most particles sized in 8 to 10 nm with the mean particle size of 10.9 nm, and particles sized over about 30 nm still exist, corresponding separation is 90 nm. 0.8 mass% Hf addition reduces the mean particle size to 8.5 nm and the separation to 68 nm. Also particle distribution is shifted toward smaller size, which means it has most particles range from 8 to 10 nm [ Fig. 3(b) ]. Figure 3 (c) indicates when 2 mass% Hf is introduced to the base alloy, particles in size bigger than 14 nm are totally removed from the matrix, and particles size in 46 nm possess the highest frequency over 50%, also particle frequency in 24 nm is as high as 32%. Thus, 2 mass% Hf effectively reduces the mean particle size to 4.7 nm and separation to 35 nm. Further addition of Hf to 3 mass% brings more particles size with 6 to 8 nm, therefore, the mean particle size is coarsened to 5.7 nm and corresponding separation is also expanded to 43 nm compared with those of 2 mass% Hf. After Hf concentration is increased to 4 mass%, the mean particle size continues to be coarsened to 6.8 nm as shown in Fig. 3(e) , and particles size of 18 to 20 nm also present in the matrix with the separation as 61 nm. However, refinement seems to occur again when 5 mass% Hf is added to the base alloy [ Fig. 3(e) ], in which the mean particle size is reduced to 5.8 nm with corresponding separation as 48 nm. Since particle size is somehow areadependent, inevitably there is some statistical error from TEM, which is considered to be the reason for refinement in 5 mass% Hf addition specimen. Hf concentration verses mean oxide particle size and separation was plotted in Fig. 4 . It is clear to be seen that particle refinement can be achieved by any concentration of Hf addition, among which 2 mass% is the most effective one. Figure 5 gives the comparison of mean oxide particles between Ni0.5 mass% Al1Y 2 O 3 6) and Ni4.5 mass% Al 1Y 2 O 3 after various Hf additions. Both curves have similar trend: oxide particle size reduces with Hf addition and reaches the smallest at proper Hf concentration, and then coarsening occurs with excessive Hf addition. Clearly, oxide particles in Ni4.5 mass%Al1Y 2 O 3 have smaller size. Though it is not well understood so far, Al concentration might be one of the reasons to cause this phenomenon.
As the most optimum concentration on particle refinement, 2 mass% Hf was introduced into the Ni-ODS. Figure 6 gives the TEM micrographs of before and after Hf addition to the Ni-ODS, and their corresponding frequencies are shown in Fig. 7 . It appears that 2 mass% Hf to the Ni-ODS successfully reduces the particle size from 21.9 to 14.9 nm, and the separation is also shortened from 166 to 123 nm, as shown in Fig. 7 .
Chemical composition of oxide particles
To investigate why Hf addition refines particles and to understand the chemical reaction in the specimens, XRD was conducted. Results of XRD patterns are shown in Fig. 8 . Intensity of oxide particles is quite low, comparing with that of Ni matrix. Thus to avoid the influence caused by K ¡2 , which has half intensity of K ¡1 , the background and K ¡2 were stripped to get monochrome X-ray with the equipped software based on Sonneveld method and Rachinger method, respectively.
It has been well reported that Y 2 O 3 10) is unstable during MA process and dissociate to Y and O, and then the process of SPS at 1200°C induces the precipitation of particles in new composition system such as YAlO or YHfO in Ni-based ODS superalloys, if minor elements are added. 11) In the as- SPSed base alloy in Fig. 8 
SPS at 1200 
Our previous research reveals that low Hf addition (0.08 mass%) to the Ni-based ODS superalloy does not facilitate the evolution of particle composition, so obviously the formation of Y 2 Hf 2 O 7 strongly depends on sufficient Hf and oxygen. For oxygen, it is also considered to come from atmospheric contamination. Al, replaced by Hf in the particles, remains in the matrix to form £ phase (NiAl) or £ A (Ni 3 Al) phase.
Interestingly besides Y 2 Hf 2 O 7 , formation of HfC was also confirmed when Hf concentration is increased to 4 and 5 mass%, indicating that all Y 2 O 3 is consumed to form Y 2 Hf 2 O 7 , and then the excessive Hf is carbonized to HfC, because of the carbon contamination from PCA, which was added to prevent excessive cold-welding in MA process. The chemical reaction could be given by the following set of equations.
Hf þ C ¼¼¼¼¼¼¼)
SPS at 1200
C HfC ð13Þ
It is referred in 3.1 that particle refinement can be achieved by Hf additions. It is commonly assumed that all precipitate nuclei are present from the beginning of the transformation.
12) Precipitates initially form as a high number density of the fine coherent particles because this configuration usually leads to the lowest free energy for nucleation. Total surface energy increases as the total surface area increases; the driving force is for the particles to grow with the larger particles consuming the smaller ones and decreasing the total interface energy, because larger particles possess lower surface to volume ratio. However, as the particles grow, the interface becomes a region of high strain and the coherency begins to decrease. All the specimens have the same volume fraction of Y 2 O 3 , thus smaller particle size leads to higher density of particles and larger surface area. Because of the refinement in specimens of 2 and 3 mass% Hf additions, all the Y 2 Hf 2 O 7 particles precipitate at very small size, though they possess larger surface areas. Thereby Y 2 Hf 2 O 7 might tend to be coherent with the matrix to reduce the surface energy of each particle, 13) so it is considered that coherency could be a crucial factor that causes the refinement of particles by formation of Y 2 Hf 2 O 7 .
Obviously oxide particle refinement by 2 mass% Hf addition in Ni-ODS is not as effective as that in the base alloy, which might be due to lattice distortion in oxide particles caused by the intrusion of other elements. Eventually coherency between oxide particles and matrix would be affected and oxide particles are coarsened to reduce the interfacial energy by consuming other particles. 6) 
Yield stress evaluation
Hardness tests are often used to quantify strength and are considered to be nondestructive in most applications because the indentations are small and do not adversely affect surface quality. Commonly a correlation between hardness and tensile strength is given in many references for approximately estimating the tensile strength. Figure 9 gives the hardness of various Hf additions of the base alloy. It can be seen that hardness tends to increase with the decrease of separation. The base alloy has Vickers hardness Hv 0.1 = 531 with corresponding separation of 90 nm, and no difference can be observed between the base alloy and 0.8 mass% Hf additions. However, hardness is obviously promoted with 2 mass% or more Hf additions. 2 mass% Hf addition makes the highest hardness Hv 0.1 = 744 as well as the shortest separation = 35 nm. Increase of hardness can be attributed to the dispersion strengthening of particles (Y 2 Hf 2 O 7 and HfC), which act as obstacles to impede dislocation motion.
Yield stress increased by dispersion strengthening was estimated by the following two ways [eqs. (14) and (15)]. It has to be pointed out that increment of yield stress ¦· (yield stress difference between the base and its Hf addition) was calculated to avoid influence from other strengthening contributions.
(1) The yield stress · 1 was calculated by using the experienced eq. (14); where Hv is the Vickers hardness.
(2) It is considered that the particles force the dislocations by pass them, leaving a dislocation loop around them, which is referred to as Orowan strengthening. The yields stress · 2 was calculated from (15) based on Orowan strengthening, where Taylor factor, M, was taken to be 3; the shear modulus G was taken as 82 GPa at room temperature and b, the Burges vector was taken as 0.25 nm for the calculation. In the equation, 0.5 stands for geometrical factor and was determined according to our calculation; 14) while some references take 0.8 as its geometrical factor.
15,16)
¦· represents the increment of yield stress after Hf is introduced to the base alloy (· Hf ¹ · Base ), therefore by this calculation, ¦· 1 indicates the yield stress improved by Hf addition, because Hv is directly calculated from the specimens; while ¦· 2 indicates the yield stress improved by particle refinement, because in the calculation of ¦· 2 , separation is involved. Figure 10 gives the comparison of yield stress increment of · 1 and · 2 . It can be seen that the increments of yield stress ¦· 1 and ¦· 2 coincide with each other, which means that the increase of yield stress is caused by the refinement of particles through dispersion strengthening. It can be concluded that separation is one of the key parameters on dispersion strengthening. Obviously, a decrease in results in an increase in the strengthening. As shown in Fig. 10, 2 mass% Hf specimen has the biggest increments of yield stress, which were calculated by both methods. Unsurprisingly, 2 mass% Hf specimen has the shortest separation, which accords with the Orowan strengthening mechanism. Thus separation reduction is preferred to enhance the strengthening by particle refinement to the Nibased ODS superalloys.
Conclusions
(1) Particle refinement can be achieved by Hf addition in high Al concentration Ni-based superalloys. Especially 2 mass% Hf addition makes the smallest particles (4.7 nm) and shortest separation (35 nm) to the base alloy Ni4.5 mass% Al1Y 2 O 3 ; while 2 mass% Hf also refines the particles in the Ni-ODS, which has similar nominal composition as commercial alloy MA6000. (2) Oxide Particle Refinement in 4.5 mass%Al Ni-Based ODS Superalloys
